Today many challenges lie ahead of the aircraft industry. The increasing competition and shortage of resources raise a challenge for future manufacturing technologies and lightweight design. A possibility to cope with these circumstances is the manufacturing technology of Laser Additive Manufacturing (LAM). However there are still challenges to cope with due to the processes novelty, such as the development of further materials, especially lightweight alloys, and new design approaches. Therefore innovative approaches for material development and lightweight design were created in order to fully exploit the processes potentials. The material development process is based on an analytical calculation of temperature distribution versus effective process factors in order to identify acceptable operating conditions for the LAM process. A novel approach to extreme lightweight design was realized by incorporating structural optimization tools and bionic structures into one design process. By consequently following these design principles, designers can achieve lightweight savings in designing new aircraft structure and push lightweight design to new limits.
INTRODUCTION
In addition to the already existing American competitors, a rising number of internationally acting companies from Far East and Russia lead to a steadily increasing pressure of cost efficiency and innovation in the European aircraft industry. The increasing struggle for more efficient aircrafts shows, among others, in the rising use of lightweight structures based on structural optimization tools. The introduction of these load optimized components result in falling lot sizes, highly complex parts and the demand for reduced production times at lower raw material charges. Thus manufacturing by conventional processes becomes increasingly more cost-intensive. Therefore a flexible and fast manufacturing process that is able to produce manifold product variants of a high geometric complexity is necessary. A possible process to cope with these challenges is Laser Additive Manufacturing (LAM), see figure 1.
LASER ADDITIVE MANUFACTURING (LAM)
Laser Additive Manufacturing (LAM) is based on a repeating layer wise manufacturing process which uses a laser beam to melt and solidify material in a powder bed according to slices of a corresponding 3D-CAD model. The stepwise production causes the reduction of complex three dimensional geometries into simple two dimensional manufacturing steps and enables the production of highly complex parts without the need for complex tools [1, 2] . The individual production steps of the SLM process are shown in figure 1. In the preprocessing a 3D-CAD-model is divided into horizontal slices with thickness corresponding to the layers in the production process. Typical layer thicknesses for TiAl6V4 are hereby 30 µm -50 µm. Subsequently to the "slicing" the prepared data is transmitted to the SLM machine in which the actual manufacturing process occurs in three repeating steps. First a powder layer is applied to the base plate and in the second step exposed by the laser beam. temperature in the zone of interaction between the laser beam and the material takes great influence on the metallic microstructure of a finished part [3, 6] the majority of its properties is controlled by part porosity. Thus it is desirable to eliminate the part's porosity by completely remelting the powder material. Objective of the model introduced in this paper is to calculate the temperature distribution in the powder bed during the laser beam exposure process.
Thermal model
The heat source function according to equation 1 is a solution of the average laser intensity distribution. The coordinate system is given in figure 4 and all symbols are given in the appendix. In this solution the cross section intensity profile of the laser beam is described by a Gaussian profile and transmission of heat through the powder bed is neglected such that only absorption and reflection of laser beam energy are considered. Sometimes a rectangular function of the intensity is also used to reduce the calculation time. The effective surface absorptivity given in equation 2 can be calculated or measured (see Appendix for denotations).
The evolution of temperature vs. time in the powder bed is usually determined by balancing the energy in the thermal sub-model. Heat transfer in laser processing has generally been a wide area of research. In LAM processes the heat transfer problem is a combination of the three mechanisms of convection, conduction and radiation. On one hand it is possible to describe the process for metallic materials with the equation of effective heat conduction [5] .
The effective thermal properties of the powder bed must then be determined depending on material and its temperature. On the other hand it is possible to calculate the terms of convection and radiation according to the process parameters and to integrate the mathematical description of these phenomena in the model. Under typical operating conditions the energies of convection and radiation are low compared to the heat source. Hence, the heat transfer problem can be described with a heat conduction approximation only as shown in equation 3.
Although the powder bed cannot be characterized by the thermal properties of a solid material, the thermal conductivity of powder beds may be calculated according to various models given in the literature [7] . In order to test the suitability of materials for LAM it is important to know if the temperature distribution in the powder bed due to the applied laser beam is above the melting point of the powder's lowest melting component. Therefore, the most crucial point in developing this theory is the thermal sub-model with calculation of the temperature distribution at the powder bed surface.
Analytical solution
The temperature distribution at the surface of the powder bed is derived from a one-dimensional model. Thus the suitability of the powder mixture can be evaluated theoretically. An analytical solution of the heat conduction equation (equation 3) is available for specific initial and boundary conditions. For a simplified one-dimensional heat conduction problem where the powder bed is represented by a semi-infinite solid with constant thermal properties, the temperature at the powder bed surface can be calculated easily [8] . With this calculation various modifications of a composite material can be tested for the LAM process and the thermal profiles allow a qualitatively correct prediction of the melting process.
The theoretical surface temperature and the temperature distribution in the powder layer identify a reference value for the process window of the given material system in respect to the laser beam source. This simple one-dimensional model predicts the maximum surface temperature in order to describe the relationship between operating conditions and temperature distribution. The presumptions have to be adjusted to real conditions by a numerical solution.
Numerical model
A numerical solution of the heat conduction equation (equation 3) can be realized by finite element methods (FEM) and a computer simulation. In this context a three-dimensional solution of the temperature distribution is feasible. The melting depth corresponding to the layer thickness can be calculated using the numerical solution of this model. The width of the melting zone of each melt track can by calculated to define the required hatch distance. Some results of the calculation of the temperature at discrete points on the powder bed surface Ti, c X, P=100 W, v=1OOmmIs, A0=O.5, t1=O.05s, d=O.4mm, porositity=O. 5
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------ for titanium powder are shown in figure 4 . Typical process parameters such as 100 W of laser beam power and a scan speed of 100 mm/s as well as 50 % effective absorptivity and 50 % density of the powder bed were assumed. The obtained results show that titanium can be melted sufficiently with nearly standard process parameters which are used for the processing of e.g. stainless steel. With this simulation the production time of a specified part can also be calculated according to the process parameters of layer thickness and hatch distance in order to gain a prediction for cost and time effectivity of LAM.
Experimental qualification
The results of the simulation depend on the accuracy of the material data. For solids the temperature-dependent values are available in the literature but powder beds or composites require an approximation. The results of determining the temperature distribution depend on the accuracy of the approximation of the effective thermal properties of the powder bed. To verify the processing conditions a statistical design of experiments is necessary to obtain acceptable process parameters for parts with desired properties. The initial parameters of the experiment were carried out with the process parameters which were calculated with the model derived above. Specially designed control parts were used to determine the scan strategy and the desired part properties. This three step method for qualifying material systems for LAM is called ANE (analytical, numerical, experimental) as shown in figure 5 [9] . temperature S7 Figure 5 . ANE method of process window determination.
With the described material development process on hand it is now possible to significantly expand the available material lineup of lightweight alloys at a reduced expenditure regarding cost and time. But the development of further materials is only one necessity for exploiting LAM processes full potential and to unlock further areas of application. Supplementary to this it is decisively to be able to fully utilize the process inherent freedom of geometry and to facilitate lightweight constructions not possible up to now. Hence an innovative design process approach was developed which will be described in the following chapter.
STRUCTURAL OPTIMIZATION AND BIONICS
The methods for structural optimization are manifold, see figure 6 . Therefore just a brief summary will be given exemplarily with the help of a simple example: a bridge. The "choice of design" includes the consideration of truss construction or compound structures. Furthermore it has to be decided whether the parts design shall be integral or differential. During the "choice of materials" the materials themselves are the design variables which have to be chosen according to the case specific requirements. The preceding methods of structural optimization were of an analytical nature. With the advent of affordable and highly capable personal computers, numerical methods for structural optimization are being increasingly used. The major methods will be described briefly in the following. Figure 6 . Differentiation of structural optimization problems by design variables [10] .
The "Topology optimizations" goal is the determination of the fundamental optimum part structure. Due to the topology optimizations nature the most radical result geometries of the structural optimization methods can be the outcome. The "shape optimizations" basis is the adaptation of local geometry according to the part load in order to reduce local stresspeaks. In contrast to this the "parameter optimization" is the simplest numerical method. Its goal is the adaptation of wall thicknesses or profiles according to the parts loads. Because the results of the topology optimization are the most radical ones, it is the decisive method in combination with LAM and will be described in more detail. The applied method of topology optimization is the "solid-isotropic-material-with-penalization" method, see figure 7, which will be described in the following with the help of a simple bar. It is based on an iterative process that begins with Figure 11 . Comparison of different design alternatives of aircraft brackets.
CONCLUSION
New layer wise manufacturing technologies such as Laser Additive Manufacturing (LAM) allow innovative approaches to product design. Especially for lightweight design in aircraft applications LAM offers new possibilities for loadadapted structures. However the available material range is still limited and new applications often attend the need for qualifying new materials which is a cost and time consuming process involving extensive experimental effort. The identification of suitable process parameters is an iterative procedure when performed experimentally. Using an interactive procedure between a theoretical calculation of the material behaviour with respect to laser radiation and an experimental optimizing of process parameters time and / or costs can be reduced significantly. With the presented mathematical model of the temperature distribution versus effective factors of the process a region of acceptable operating conditions for the laser generating process could be found. This strategy leads to a rather small number of required experiments to develop a new material. This concept is feasible only if the database for the heat capacities and thermal conductivities at the various temperatures of the laser generating process is accurate. For solids the functions are available in the literature, but for powder beds or composites there is an approximation. The results of the temperature determination are only as accurate as possible by the approximation of the thermal properties.
To fully capture lightweight potential of LAM technologies new design guidelines and processes have to be developed. A novel approach to extreme lightweight design is realized by incorporating structural optimization tools and bionic structures into one design process. By consequently following this design process designers can achieve lightweight savings in designing new aircraft structures. 
